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ABSTRACT 
AN EXPERIMENTAL STUDY OF THE UPTAKE OF WATER BY SOYBEAN ROOTS 
The water e x t r a c t i o n  f rom s o i l  by p l a n t  r oo t s  was t r e a t e d  by assuming 
t h a t  such e x t r a c t i o n  cou ld  be represented as a  con t i nuous l y  d i s t r i b u t e d  
s i n k  (nega t i ve  source) f u n c t i o n .  P r e l  im inary  r e s u l t s  w i t h  soybeans grown 
i n  s o i l  columns showed t h a t  a  smal l  p a r t  o f  t he  r o o t  system cou ld  e x t r a c t  
most o f  t he  water used i n  t r a n s p i r a t i o n .  Root d e n s i t y  as measured by r o o t  
l eng th  per u n i t  volume o f  s o i l  was n o t  d i r e c t l y  c o r r e l a t e d  w i t h  water  up- 
take. Both t he  h y d r a u l i c  c o n d u c t i v i t y  o f  the  s o i l  and r o o t  d e n s i t y  p layed 
a  major r o l e  i n  de te rmin ing  the  r a t e  o f  e x t r a c t i o n  o f  water a t  a  g i ven  
depth i n  the  s o i l .  
Water uptake per u n i t  r o o t  l eng th  ranged up t o  about 0.5 cm3/cm o f  
roo t /day .  Th i s  k i n d  o f  da ta  g i ves  more i n s i g h t  i n t o  t he  c o n d i t i o n s  a t  
t he  r o o t - s o i l  i n t e r f a c e .  
The exper imenta l  work i n  t h i s  p r o j e c t  was developed f rom a  numer ica l  
a n a l y s i s  which was supported by an e a r l i e r  OWRR p r o j e c t  ( P r o j e c t  No. 
6 5 - O ~ G ) ,  and i s  an example o f  a  bas i c  approach t o  t h e  s tudy o f  t he  i n t e r -  
a c t i o n  o f  t he  p l a n t  w i t h  i t s  environment i n  which t h e  a v a i l a b l e  degree 
o f  unders tanding o f  t h e  water f l o w  process i n  s o i l  i s  brought  t o  bear 
upon the  p l a n t - s o i l  i n t e r a c t i o n .  
The importance o f  evapo t ransp i r a t i on  i s  w e l l  known i n  the  h y d r o l o g i c  
c y c l e .  The exper imenta l  work descr ibed  i n  t h i s  r e p o r t  makes a  f u r t h e r  
c o n t r i b u t i o n  toward our unders tanding o f  t h i s  process. 
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INTRODUCTION 
It has been est imated t h a t  about 70% o f  t h e  r a i n f a l  l received on the  
land sur face i n  t h e  Uni ted States re tu rns  t o  the  atmosphere as evapotrans- 
p i r a t i o n .  The f l u x  o f  water through t h e  soi l -plant-atmosphere system i s  
t h e  dominant "consumptive" f l ow  process i n  t he  hydro logic  cyc le.  Research 
on the  physics o f  the  water t ranspor t  processes has concentrated l a rge l y  
on t h e  separate p a r t s  o f  t he  system. S o i l  p h y s i c i s t s  have s tud ied  s o i l  
water f low f o r  m n y  years, and a  f a i r  degree o f  understanding o f  t h e  physics 
o f  f l ow  o f  water i n  unsaturated s o i l  has been a t ta ined.  I n  recent  years 
t h e r e  has been increasing a t t e n t i o n  given t o  t h e  water t r a n s p o r t  process 
i n  t he  p l a n t  and i n  t h e  atmosphere immediately above t h e  p l a n t  canopy. 
As our understanding o f  the  behavior o f  t h e  p a r t s  o f  t h e  system has developed 
the re  has come a  growing awareness o f  t h e  need fo r  in tegra ted  s tud ies  o f  
t h e  water t r a n s p o r t  phenomenon i n  t h e  e n t i r e  soi l -plant-atmosphere system. 
The need f o r  such s tud ies  a r i s e s  because o f  t h e  i n te rac t i ons  between t h e  
p a r t s  o f  t h e  system so t h a t  t he  behavior o f  one p a r t  o f  the  system i s  a f -  
fec ted  by the  behavior o f  t he  o ther  par ts .  
The process o f  e x t r a c t i o n  o f  water from s o i l  i s  fundamentally involved 
i n  the  evapot ransp i ra t ion  phenomenon. The ana lys i s  and study o f  water up- 
take by p l a n t  roo ts  has developed us ing  e i t h e r  o f  two types o f  models: 
( I )  the  s i n g l e  r o o t  model, and ( 2 )  the  d i s t r i b u t e d  s i n k  model. 
I n  t h e  s i n g l e  r o o t  model t h e  water f low i n  a  reg ion  o f  s o i l  surround- 
i n g  a  s i n g l e  r o o t  i s  examined. The f low system i s  bounded i n t e r n a l l y  by 
t h e  r o o t - s o i l  in te r face .  I n  order t o  develop an ana lys i s  it i s  necessary t o  
pos tu la te  t h e  na ture  o f  t he  boundary cond i t i on  t h a t  appl ies a t  t h i s  i n t e r -  
face. l-bwever, t h i s  boundary cond i t i on  i s  t h e  r e s u l t a n t  o f  t h e  i n t e r a c t i o n  
between t h e  so i  l water f low and the  f low i n  the  p l a n t  and atmosphere. 
The d i s t r i b u t e d  s i n k  model takes a  rrlore macroscopic view o f  the  water 
e x t r a c t i o n  process. The roo ts  a r e  considered t o  be a c t i n g  as a  s ink  f o r  t he  
water, and the  s ink  i s  t rea ted  as a cont inuous f u n c t i o n  o f  p o s i t i o n  i n  t h e  
s o i l  p r o f i l e .  A s i nk  s t reng th  measured i n  terms o f  volume o f  water per u n i t  
s o i l  volume, per u n i t  t ime i s  considered t o  apply a t  each p o i n t  i n  the  s o i l .  
When t h i s  approach i s  used it i s  necessary t o  make some pos tu la te  regard ing  
t h e  na ture  o f  the  s i n k  funct ion,  i.e., f a c t o r s  a f f e c t i n g  it, e tc .  
The research described i n  t h i s  r e p o r t  i s  based on t h e  d i s t r i b u t e d  s ink  
model. A prev ious a n a l y t i c a l  study of  t h i s  problem (OWRR P r o j e c t  No. 65-036) 
u t i l i z e d  t h e  f low theory f o r  water i n  unsaturated s o i l .  A source term (as- . 
s igned negat ive values t o  represent a  s i n k )  was added t o  the  f low equation 
and c e r t a i n  pos tu la tes  as t o  t h e  na ture  o f  t h e  s ink  were made. The f low 
equation was solved numer ica l ly  f o r  steady s t a t e  f low and the  e f f e c t  o f  v a r i -  
a t i o n  o f  t he  parameters i n  t he  source was studied. However, t he re  was very 
l i m i t e d  experimental in format ion on which t o  base the  s e l e c t i o n  o f  parameter 
values. The present work i s  an experimental study o f  t he  f l ow  system designed 
t o  measure the  d i s t r i b u t i o n  of t h e  source func t i on  under cond i t ions  such t h a t  
a  complete water balance cou ld  be obta ined on the  s o i l  column. 
THEORETICAL BACKGROUND 
Assuming constant dens i ty  f o r  t he  s o i l  water, t h e  c o n t i n u i t y  equat ion 
f o r  one-dimensional f l ow  may be w r i t t e n :  
where 8 i s  t h e  volumetr ic  water content, v  i s  the  volumetr ic  water f l u x  or  
Darcy ve loc i t y ,  t i s  t ime and z i s  t h e  v e r t i c a l  p o s i t i o n  coordinate taken 
as p o s i t i v e  upwards. The source func t i on  s  i s  the  t ime r a t e  o f  product ion 
o f  volume o f  water per u n i t  volume o f  s o i l .  For representa t ion  o f  water 
uptake by r o o t s  the  source func t i on  w i l l  assume negat ive values. 
Measurement o f  t h e  source term based on equat ion (I) requ i res  measure- 
ment o f  t h e  water content  d i s t r i b u t i o n  e (z , t )  and the  f l u x  d i s t r i b u t i o n  
v (z , t ) .  I f  t he  f low i s  steady state,  so t h a t  be /h t  i s  zero, then on l y  t he  
f l u x  needs t o  be measured. 
The f l u x  v  may be obtained by app ly ing  t h e  Darcy equat ion 
i n  which H  i s  t he  hydrau l ic  head, and K(8,z) i s  t h e  c o n d u c t i v i t y  func t ion .  
The c o n d u c t i v i t y  of  unsaturated s o i l  depends s t r o n g l y  on the  water content, 
and i f  t h e  s o i l  p r o f i l e  i s  non-uniform the  func t i ona l  dependence o f  K  upon 
8  w i l l  depend upon the  pos i t ion ,  hence t h e  no ta t i on :  K(8,z). According t o  
equat ion (2) the  f l u x  v (z , t )  can be assessed from measurements o f  H(z,t) 
and knowledge o f  t he  c o n d u c t i v i t y  f unc t i on  K(8,z). 
There a r e  a  number of  v a r i a t i o n s  i n  t h e  manner o f  a p p l i c a t i o n  o f  equa- 
f i o n s  ( I )  and (2)  t o  the  determinat ion o f  t h e  source funct ion.  For example, 
t h e  c o n d u c t i v i t y  a t  a  given p o s i t i o n  m y  be i n fe r red  from measurement o f  the  
water content  d i s t r i b u t i o n  and a K(8,z) funct ion.  A l t e r n a t i v e l y ,  t h e  con- 
d u c t i v i t y  may be regarded as a  func t i on  o f  pressure head and p o s i t i o n  and 
i n f e r r e d  from measurement o f  the  pressure head d i s t r i b u t i o n .  The conduct iv- 
i t y  f unc t i on  K(8,z) o r  K(h,z) may be obtained by d i r e c t  measurement o r  i t  
may be ca l cu la ted  from the  water content-pressure head r e l a t i o n s h i p  by one 
of t he  methods proposed f o r  t h i s  i n  t h e  l i t e r a t u r e .  The water content  d i s -  
t r i b u t i o n  may be d i r e c t l y  measured or  i n f e r r e d  from the  pressure head d i s t r i -  
bu t i on  and a  water content-pressure head func t ion .  The pressure head d i s t r i -  
bu t i on  may be measured o r  i n f e r r e d  from the  water content  d i s t r i b u t i o n  and a  
water content-pressure head func t ion .  F i n a l l y  both the  water content  and 
pressure head d i s t r i b u t i o n s  may be measured. I n  a l l  t h e  v a r i a t i o n s  one 
must take  proper r e c o g n i t i o n  o f  t h e  h y s t e r e t i c  behavior  o f  t h e  K(h,z) and 
8(h,z) func t ions .  
The p a r t i c u l a r  v a r i a t i o n s  used i n  t h i s  work w i l l  be descr ibed below 
t under t h e  heading: M u l t i p l e  Column Experiments, Resu I t s  and Ana l ys i s  o f  
Data . 
OBJECTIVES 
The o b j e c t i v e  o f  t h e  research descr ibed i n  t h i s  r e p o r t  was t o  s tudy  t h e  
e f f e c t  o f  r o o t  d i s t r i b u t i o n ,  evapora t ion  r a t e  a t  t h e  s o i l  surface, and 
t r a n s p i r a t i o n  ra te ,  on t h e  water con ten t  and t e n s i o n  p r o f i l e s  i n  a s o i l  
p r o f i l e  (column) and on p l a n t  water s t r e s s  under c o n t r o l l e d  environmental  
cond i t ions .  
More s p e c i f i c  o b j e c t i v e s  which were developed as  t h e  research  proceeded 
were: 
I. To measure t h e  d i s t r i b u t i o n  o f  t h e  source f u n c t i o n  ( s i n k )  represen t -  
i ng  uptake o f  water by p l a n t  r o o t s  i n  a s o i l  column under c o n d i t i o n s  such 
t h a t  a complete water balance cou ld  be determined on t h e  s o i l  column. 
2. To determine r o o t  dens i t y  d i s t r i b u t i o n s  and t o  r e l a t e  these t o  t h e  
d i s t r i b u t i o n  o f  t h e  source f unc t i on .  
3. To es t imate  t h e  r a t e  o f  water up-take per u n i t  r o o t  length.  
Wi th  regard  t o  a t t a i nmen t  o f  t h e  o r i g i n a l  general o b j e c t i v e  much remains 
t o  be done. P r e l  iminary  r e s u l t s  have been ob ta ined  t h a t  bear upon t h e  more 
s p e c i f i c  ob jec t i ves .  The development o f  t h e  equipment t h a t  would a l l o w  t h e  
simultaneous measurement o f  t r a n s p i r a t i o n  ra te ,  s o i l  water content,  s o i l  
water pressure head ( t ens ion )  has been a lengthy and slow process which i s  
j u s t  now be ing  accomplished. The systems f o r  measurement o f  evapora t ion  
a t  t h e  s o i l  su r f ace  and t r a n s p i r a t i o n  have been designed and cons t ruc ted  
b u t  have had o n l y  p r e l i m i n a r y  t e s t i n g .  The tens iomet ry  system f o r  measuring 
s o i l  water hydrau l ic  and pressure head has been developed and tes ted  and i s  
opera t iona l .  The gamma a t tenua t i on  apparatus f o r  non-destruct ive measure- 
ment o f  water content  i n  t he  s o i l  column has a l s o  been developed and i s  oper- 
%. 
a t i ona  I .  
It i s  planned t o  cont inue t h e  research w i t h  support coming from o ther  
sources. 
RESEARCH PROCEDURES 
The experimentat ion conducted may be d i v ided  i n t o  two major par ts ;  
a  phase i n v o l v i n g  t h e  use of m u l t i p l e  s o i l  columns, and another phase invo lv -  
i ng  a more h i g h l y  instrumented s i n g l e  s o i l  column. I n  t h e  former, p lan ts  
were grown i n  s o i l  columns and t h e  water content  d i s t r i b u t i o n  8(z,t)  and 
r o o f  dens i ty  d i s t r i b u t i o n  were compiled by d e s t r u c t i v e  sampling of  s o i l  
columns a t  var ious t imes. I n  t h e  s i n g l e  column work, t h e  aim was non-de- 
s t r u c t i v e  measurement o f  both 8(z , t )  and H(z,,t) on a s i n g l e  s o i l  column, 
thereby avo id ing  some problems connected w i t h  packing o f  r e p l i c a t e  s o i l  
columns. 
M u l t i p l e  Column Experiments 
Experimental Methods and Ma te r ia l s  
Soybean p lan ts  were grown i n  s o i l  columns 122 cm long by 10.2 cm d i -  
ameter. The s o i l  columns were contained i n  po l yv iny l  c h l o r i d e  pipe. The 
, a  s o i l ,  from t h e  lower horizons o f  Dickinson sandy loam, contained 74 percent 
sand, 16 percent s i . l t ,  and 10 percent c lay .  The s o i l  was passed through a 
710 p s ieve  and packed i n t o  t h e  sample conta iners by pour ing t h e  a i r - d r y  
so i  l through a funnel w i t h  a long tube t h a t  extended t o  the  so i  l surface. 
While the  s o i l  was being poured i n t o  t h e  column, t h e  extension tube was 
moved about over the s o i l  surface, and the  column was tapped and v ibrated.  
A continuous stream o f  a i r - d r y  s o i l  was maintained u n t i l  t he  column was f u l l .  
The average bu l k  dens i ty  o f  t he  so i  l obta ined i n  t h i s  manner was 1.60 gm/cm3. 
There was no d i s c e r n i b l e  subsidence when t h e  columns were wetted. 
The columns were i n i t i a l l y  wetted w i t h  about 2 l i t e r s  o f  deionized water. 
The remainder o f  t he  water was suppl ied through t h e  bottom o f  t he  column 
i n  the  form o f  a d i l u t e  Hoagland's so lu t i on .  A water t a b l e  was maintained 
100 cm below the  top  of  t h e  s o i l  column by a Mar io t te  b o t t l e  arrangement. 
The columns were placed i n  a growth cab ine t  i n  which the  s o i l  tempera- 
t u r e  was maintained a t  25.0 f 0.5' C. The lower p o r t i o n  o f  t h e  growth 
cab ine t  which contained the  s o i l  columns was completely enclosed and par- 
t i t i o n e d  from t h e  upper p o r t i o n  o f  the  cab ine t  which contained t h e  a e r i a l  
po r t i ons  o f  the  p lan t .  No attempt was made t o  c o n t r o l  t h e  temperature and 
humid i ty  o f  t he  a e r i a l  environment. The extremes i n  a i r  temperature ranged 
from about 20' C du r ing  the  n i g h t  t o  about 300 C du r ing  t h e  day. L i g h t  was 
provided by a combination o f  Lucalox lamps (LU-400) located about 120 cm 
above the  s o i l  sur face and by cool  whi te f luorescent  lamps placed v e r t i c a l l y  
beside t h e  p lants.  An i n t e n s i t y  of  0.37 langley per minute a t  15 cm above 
the  s o i l  was obtained. The daylength was s e t  a t  14 hours. 
The tops o f  t he  s o i l  columns were covered by p lex ig lass  d iscs  w i t h  a 
1.2 cm diameter hole d r i l l e d  i n  the  center  f o r  the  p l a n t  stem. The s o i l  
columns were placed i n  the  growth cabinet  so t h a t  t he  t o p  o f  t h e  p lex ig lass  
, ~: 
d i sc  was level  w i t h  the  t o p  o f  the  thermostated cabinet.  Aluminum f o i l  was 
placed over t h e  tops o f  t he  s o i l  columns t o  reduce r a d i a t i v e  heat ing o f  the  
s o i l  sur face and t h e  consequent development o f  temperature gradients i n  the  
columns, 
A f t e r  the  sealed columns had e q u i l i b r a t e d  f o r  four  weeks, th ree soy- 
bean seeds o f  t h e  C lark  v a r i e t y  were planTed i n  a l l  columns except t h e  con- 
t r o l .  A small amount o f  s o i l  was removed through the  top  o f  t he  s o i l  column 
1. 
w i t h  a cork borer and t h e  seeds were deposited. The soi  l t h a t  had been 
removed was then packed over the  seeds. A f t e r  germination, t h e  p lan ts  were 
th inned t o  one p l a n t  i n  each column. Ten days a f t e r  p lant ing,  a small piece 
o f  foam rubber was wrapped around the  p l a n t  stem t o  seal t h e  hole i n  the  
p lex ig lass  d i sc  and prevent evaporat ion from the s o i l  surface. A l l  p l an ts  
showed norma l growth thr-oughout the  exper iment. 
Twenty-four days a f t e r  p lant ing,  two columns were removed from the  
growth cabinet  f o r  d e t a i l e d  analys is .  The p l a n t  top  was c u t  o f f  a t  t he  
s o i l  surface. The s o i l  columns were c u t  i n t o  10 cm lengths s t a r t i n g  from 
the top  o f  t he  column. S o i l  samples were taken f o r  water content. The 
remainder o f  t he  s o i l  was washed from t h e  roo ts  w i t h  a gent le stream of  
c o l d  water. The washed roo ts  were spread un i fo rmly  over the  bottom o f  a 
b lack t r a y  and were photographed. The r o o t  length per u n i t  volume o f  s o i l  
was determined from the  photographs by a method described by Newman (1965) 
and modi f ied by ~ e i c o s k ~ l / .  The technique i s  based on t h e  a p p l i c a t i o n  o f  
p r o b a b i l i t y  theory t o  randomly dispersed l i n e  segments and proved t o  be 
more r a p i d  than a d i r e c t  method o r  the  inch counter o r  ops imeter method!/, 
and was as precise as the  d i r e c t  method. Three hundred random locat ions were 
used t o  est imate the  r o o t  length. The s l i d e  was then reversed and t h e  same 
300 random locat ions were used t o  g ive  a second est imate o f  r o o t  length. 
The r o o t  lengths i n  a given depth increment o f  a column a re  an average of 
these two estimates. 
I /  Reicosky, D. C. The e f f e c t  o f  r o o t  d i s t r i b u t i o n  on water and n u t r i e n t  
- 
uptake by soybean p lan ts  grown i n  s o i l  columns. Ph.D. thesis,  Un ive rs i t y  
o f  I l l i n o i s ,  June 1969. 
2/ Shearer, R. C. Water f l u x  and ion uptake by wheat seedlings. Ph.D. thesis,  
- 
U n i v e r s i t y  o f  Adelaide, Adelaide, South Aust ra l ia .  
F u r t h e r  harves ts  and ana l yses were m d e  on p a i r s  o f  columns a t  38, 52, 
59, 66 and 73 days a f t e r  p l an t i ng .  The c o n t r o l  columns (unplanted)  were 
analyzed a t  t h e  end o f  t h e  exper iment i n  t h e  same manner as  t h e  p rev ious  
columns. It was assumed t h a t  s o i l  water p r o f i l e s  i n  a l l  columns were 
i n i t i a l l y  t h e  same and t h a t  t h e  observed d i f f e r e n c e s  as  a  f u n c t i o n  o f  t ime  
r e s u l t e d  f rom p l a n t  uptake o f  water. 
Water content -pressure head data were ob ta ined  by s tandard techniques 
u s i n g  separate samples o f  s o i  I. The data a r e  shown i n  F i g u r e  I. 
Resu l t s  and Ana l ys i s  o f  Data 
The water con ten t  p r o f i l e s  a t  each harves t  a r e  summarized i n  Table I 
and severa l  o f  t h e  p r o f i l e s  a r e  shown i n  F igu re  2. The r e s u l t s  a r e  r e -  
po r t ed  as t h e  average o f  t h e  data from t h e  two s o i  l columns analyzed on a  
g iven day. The data i n  Tab l e  I a r e  a  numer i ca  l r ep resen ta t  ion o f  t h e  func- 
t i o n  8 (z , t ) .  The data from t h e  c o n t r o l  columns show a  gradual increase i n  
8  w i t h  depth down t o  about  80 cm below t h e  sur face.  A t  80 cm t h e  s o i l  i s  
e s s e n t i a l l y  sa tu ra ted  and remains so down t o  t h e  water t a b l e  a t  100 cm. 
The water con ten ts  found below 50 cm i n  t h e  columns sampled a t  24 days were 
somewhat h igher  than those found i n  t h e  c o n t r o l .  They were expected t o  be 
e s s e n t i a l l y  t h e  same. Probably t he  d i f f e r e n c e s  a r e  due t o  pack ing v a r i a -  
b i l i t y  between columns. 
The c a l c u l a t i o n  o f  t h e  source f u n c t i o n  was based on equat ions ( I )  and 
, -  
(2) .  The water con ten t  data were p l o t t e d  a g a i n s t  t ime  w i t h  t h e  mean va lue  
o f  t h e  depth increment as a  parameter ( f o r  example, see F i g u r e  3). The 
s l ope  o f  these p l o t s  was used t o  eva l u a t e  A8/at. 
The c a l c u l a t i o n  o f  t h e  f l u x  v  i n  t h e  upper p o r t i o n  o f  t h e  column was 
based on equat ion  ( I ) .  The c o n d u c t i v i t y  f u n c t i o n  K(8) was c a l c u l a t e d  from 
t h e  water content -pressure head curve u s i n g  t h e  method o f  M i l l i n g t o n  and 
VOLUMETRIC WATER CONTEN T ( VOL/ VOL) 
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Figure 3. Volumetric water content in selected depfh increments versus time. 
Table I. The average volumetric water con ten t  
i n  t h e  s o i  l columns (cm3/cm3). 
Days A f t e r  
P l a n t  i n q  24 38 52* 5 9 6 6 7 3 Contro l 
Depth (cm) 
0- 10 
1 0-20 
20 - 30 
30-40 
40-50 
SO- 60 
60- 70 
70-80 
80-90 
90- 100 
1 oo+ 
.039 
.057 
.067 
. oeo 
. 105 
. 174 
. 197 
.233 
-242 
.269 
.264 
.03 1 
.033 
.04 1 
.063 
. OEO 
.095 
. IS0 
.216 
.244 
.259 
,289 
"These va lues represen t  o n l y  one column. 
Q u i r k  (1960, 1961) as mod i f i ed  by Kunze e t  a l .  (1968). The h y d r a u l i c  con- 
d u c t i v i  t y  o f  t h e  sa tu ra ted  medium was determined (us i n g  a cons tan t  head 
permeameter) t o  be 45 cm/day. The c a l c u l a t e d  h y d r a u l i c  conduc t i v i t y -wa te r  
con ten t  f u n c t i o n  i s  shown i n  F igu re  4. The same f u n c t i o n  was assumed t o  
app l y  a t  a l l depths. 
Equat ion  ( I )  may be r e w r i t t e n  as 
where Z = -z i s  t he  depth taken as p o s i t i v e  downward. The pressure head h 
versus Z and t u s i n g  t h e  8 (h )  f u n c t i o n  shown i n  F igu re  I. For 0.068 _> 8 2 
0.020, corresponding t o  -1200 2 h 2 -10,000 cm o f  water, es t imates  o f  h were 
. . 
based on t h e  assumption o f  a l i n e a r  r e l a t i o n  between 8 and h w i t h i n  these 
l i m i t s .  The pressure head gredient ,  dh/dZ was determined g r a p h i c a l l y  f rom 
a p l o t  o f  pressure head versus depth. 
Below t h e  r o o t  zone i n  t h e  lower p a r t  o f  t he  column de te rmina t ions  o f  
dh/dZ were much less  p rec ise ;  and t he  f l u x  was determined by a d i f f e r e n t  
VOLUMETRIC WATER CONTENT (CM3/CM3 ) 
F i g u r e  4. H y d r a u l i c  c o n d u c t i v i t y - w a t e r  c o n t e n t  r e l a t i o n s h i p  c a l c u l a t e d  
by t h e  method o f  Kunze e t  a l .  (1968) for t h e  D i c k i n s o n  sandy 
l  oam. 
method. I n  a reg ion  o f  t h e  column where there  a r e  no roo ts  t h e  c o n t i n u i t y  
equat ion becomes 
which can be in tegra ted  
The r i g h t  hand s ide  o f  equat ion (5)  can be approximated by 
where 
Thus equat i on (5  becomes: 
The l e f t  hand s ide  o f  (8) was evaluated g raph ica l l y  from the  water content  
depth p r o f i l e s  a t  t imes tl and t, and over t he  depth increment o f  i n te res t .  
- 
I n  appl i c a t i o n  t o  the  data from the  soi  l columns, v(Z1 ) was taken as the  
t ime average f l u x  through the  90-100 cm depth increment and was evaluated 
from the  i n f l ow  ra tes  a t  the  bottom o f  t h e  column. ,The t ime averaged f l u x  
through t h e  80-90 cm depth increment was then ca l cu la ted  from equation (8).  
The ca l cu la ted  s o i  l water f l u x  values a r e  shown i n  Table 2 and some 
o f  t h e  data a r e  p l o t t e d  i n  F igure  5. P l o t s  o f  v  versus Z were used t o  
est imate >v/ilZ as a func t i on  o f  depth and time. I n  t h e  70-80 cm depth 
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000s 'L I - 
OOOE 'L I - 
0000'6 -* 
000Z'E - 
0050' - 
0010' - 
L600' - 
ZZOO' - 
SOOO' - 
1000' - 
000s '2 1 - 
000S 'Z I - 
0001 '1 1 -* 
OOL9'1 - 
0050' - 
0010' - 
OZIO' - 
ZSOO' - 
L900' - 
6000' - 
0069 '9- 
0069 '9- 
0062 '9- 
00L8 '5-+ 
00 IS 'Z- 
0061' - 
0155' - 
OSPI' - 
OL61' - 
OPOO' - 
08LS '- 
08LS *- 
OWLS '- 
OWLS ' - 
08LE'- 
08LS *- 
059 1 '- 
0001 '- 
09PO - 
0090 - 
Table 3. Time averaged values o f  t h e  source s t r e n g t h  versus depth 
i n  t h e  so i l columns (cm3/crr? /day).  
Time 24-38 38- 52 52-59 59-66 66-73 
Per i od Da vs Da vs Da vs Da vs Davs 
Depth (cm) 
Table 4. Root d e n s i t y  i n  t h e  s o i l  columns (cm/l s o i l ) .  
Days A f t e r  
P l a n t  i n q  24 38 52 59 6 6 73 
Depth (cm) 
. . downward th rough t h e  s o i l  u n t i l  they  met t h e  n e a r l y  sa tu ra ted  zone above t h e  
water t ab le .  Here t hey  p r o l i f e r a t e d  where t h e r e  was an ample supply  o f  water. 
L a t e r a l  r o o t  growth was l i m i t e d  by t h e  narrow columns i n  o rder  t o  keep t h e  
problem one-dimensional. V isua l  observa t ion  i nd i ca ted  t h a t  t h e  r o o t s  were 
u n i f o r m l y  d i s t r i b u t e d  i n  any given c ross  s e c t i o n  and t h a t  t h e r e  was no 
p r o l i f e r a t i o n  o f  r o o t s  about  t h e  per imeter  o f  t h e  columns. 
SAVQ £L 
SAVQ 99 V 
SAVQ 1s 0 
0 2'0- b'0 - 9'0 - 8'0- 0'1 - 

F i g u r e  8 shows t h e  r o o t  d e n s i t y  versus t ime  f o r  se lec ted  depths. I n  
t h e  0-10 cm depth t h e  r o o t  d e n s i t y  increased r a p i d l y  d u r i n g  t h e  f i r s t  h a l f  
o f  t h e  experiment, b u t  tended t o  remain cons tan t  d u r i n g  t h e  l a t t e r  h a l f  o f  
t h e  exper iment.  The r e s u l t s  i n d i c a t e  an i n h i b i t e d  r o o t  growth r a t e  a t  h igher  
s o i l  water t ens ions  (more negat i ve  pressure heads). From t h e  data f o r  8 ( h )  
F i g u r e  I and t h e  data f o r  8 (Z , t )  F i g u r e  2 and Table I, it appears t h a t  t h e  
r a t e  o f  r o o t  growth was i n h i b i t e d  a t  pressure heads less  than -1000 cm o f  
water . 
From a comparison o f  t h e  r o o t  d e n s i t y  data (Table 4 and F igu re  71 and 
t h e  source f u n c t i o n  d i s t r i b u t i o n  (Table 3 and F i g u r e  6) i t can be seen t h a t  . 
r o o t  dens i t y  i s  n o t  an index o f  water uptake. I n  t h e  upper p o r t i o n  o f  t h e  
column t h e  r o o t  d e n s i t y  d i d  n o t  correspond t o  t he  p a t t e r n  o f  e x t r a c t i o n  o f  
water. There was however an increase i n  r o o t  d e n s i t y  a t  t h e  depth o f  maximum 
water uptake. The r e s u l t s  o f  t h i s  exper iment i n d i c a t e  t h a t  under s u i t a b l e  
cond i t i ons ,  a smal l  p o r t i o n  o f  t h e  r o o t  system can be respons ib l e  f o r  t h e  
major p o r t i o n  o f  t h e  uptake o f  water. 
I n  t h e  upper p a r t  o f  t h e  column where t h e  h y d r a u l i c  c o n d u c t i v i t y  was 
low due t o  t h e  low water content,  r e l a t i v e l y  low va lues o f  t h e  s o i l  water 
f l u x  were obtained, and t h e  magnitude o f  t h e  source te rm S was determined 
p r i m a r i l y  by 38/3t. I n  t h e  wet te r  p a r t s  o f  t h e  column, j u s t  above t h e  
water t a b l e  t h e  magnitude o f  t h e  source was determined p r i m a r i l y  by t h e  
te rm 3v/ht .  
,.. Small amounts o f  water were absorbed from t h e  upper p a r t  o f  t h e  columns 
u n t i l  t h e  s o i l  mo i s tu re  t ens ion  approached approx imate ly  I bar, b u t  t h i s  
amount was n e g l i g i b l e  compared w i t h  t h a t  taken up f rom t h e  c a p i l l a r y  f r i n g e .  
Above t h e  cap i I l a r y  f r i nge ,  t he  r o o t s  were a b l e  t o  e x t r a c t  water f a s t  enough 
t o  keep t h e  water con ten t  low, r e s u l t i n g  i n  a low h y d r a u l i c  conduc t i v i t y ,  
ROOT DENSITY (METERS/ LITER SOIL) 
and l i t t l e  upward movement o f  water. It i s  q u i t e  ev iden t  t h a t  bo th  r o o t  
d e n s i t y  and h y d r a u l i c  c o n d u c t i v i t y  c o n t r i b u t e  t o  t h e  source s t reng th .  
The water uptake per u n i t  l eng th  o f  r o o t  was es t imated  by d i v i d i n g  
t h e  source s t r e n g t h  (cc  water/cc s o i l / d a y )  by t h e  r o o t  d e n s i t y  (cm r o o t /  
cc  s o i  I ) .  The r e s u l t s  shown i n  Table 5  i n d i c a t e  t h a t  t h e  uptake o f  water 
can approach 0.5 cm3/cm root /day.  I n  t h e  t rea tment  o f  t h e  uptake o f  water 
by p l a n t  r o o t s  u s i n g  a  s i n g l e  r o o t  model one o f  t h e  problems encountered 
i s  t h e  s p e c i f i c a t i o n  o f  t h e  boundary c o n d i t i o n  a t  t h e  r o o t  surface. Data 
o f  t h e  k i n d  quoted above f o r  uptake per u n i t  r o o t  leng th  i s  e s s e n t i a l  when 
t h i s  boundary c o n d i t i o n  has t o  be s p e c i f i e d  as a  f l u x  a t  t h e  r o o t  sur face.  
Table 5. Water uptake per u n i t  r o o t  length.  
Uptake, cm3/cm roo t / day  
Depth 24 davs 38 davs 52 days 59 days 66 davs 
0- 10 cms 
1 0-20 
20-3Q 
30-40 
40- 50 
50-60 
60- 70 
70 - 80 
80- 90 
S i n g l e  Column Experiments 
The de te rmina t ion  o f  t h e  water content -depth- t ime p r o f i l e s  by g r a v i m e t r i c  
. . 
sampl ing r e q u i r e d  t h e  use o f  m u l t i p l e  columns sampled a t  a  sequence o f  t imes 
t o  o b t a i n  t h e  data. The v a r i a b i l i t y  i n  pack ing  t h a t  occurred between columns 
caused cons iderab le  s c a t t e r  i n  t he  data and t h e  a n a l y s i s  f o r  t h e  source te rm 
was cor respond ing ly  unce r ta i n .  
I n  t h e  m u l t i p l e  column experiments t h e  pressure head o f  t h e  s o i l  water 
was i n f e r r e d  f rom t h e  water content .  Th is  i s  an u n c e r t a i n  p r a c t i c e  e s p e c i a l l y  
i n  t h e  lower, we f t e r  p o r t i o n  o f  t h e  column, below t h e  r o o t  zone. Fu r the r -  
more, i n  t h e  m u l t i p l e  column experiments no p r o v i s i o n  was made f o r  measur- 
i n g  t h e  t r a n s p i r a t i o n  r a t e  o r  t h e  evapora t ion  from t h e  s o i l  su r f ace  and t h i s  
component o f  t h e  f l u x  had t o  be mainta ined a t  zero. 
As an a l t e r n a t e  approach i t  was decided t o  develop a h i g h l y  instrumented 
f l ow  column, w i t h  p r o v i s i o n  f o r  ( I )  non-des t ruc t i ve  water con ten t  measure- 
ment, ( 2 )  measurement o f  t h e  evapora t ion  f rom t h e  p l a n t  leaves sepa ra te l y  
f rom t h e  evapora t ion  a t  t he  s o i l  sur face,  and ( 3 )  measurement o f  t h e  h y d r a u l i c  
and pressure head o f  t he  s o i l  water. The gamma abso rp t i on  method (Gardner, 
1965) was se lec ted  f o r  t h e  water con ten t  measurements, and s t r a i n  gauge 
t ens iome t r y  ( K l u t e  and Peters,  1966) f o r  t h e  h y d r a u l i c  and pressure head 
measurements. 
A diagram o f  t h e  exper imenta l  arrangement t h a t  has been evolved i s  shown 
i n  F i g u r e  9. The development and a p p l i c a t i o n  o f  t h i s  arrangement f o r  t h e  
purpose o f  measuring t h e  s i n k  s t r e n g t h  d i s t r i b u t i o n  i n  a  s o i l  column i s  s t i l l  
go ing on. It i s  intended t h a t  t h e  research  on water uptake by r o o t  systems 
w i l l  be con t inued  and t h a t  t h e  exper imenta l  arrangement dev ised w i l l  be used 
i n  t h i s  work. 
The exper imenta l  arrangement c o n s i s t s  o f  f o u r  major segments, ( I )  a  
v e r t i c a l  column o f  s o i l ,  ( 2 )  a gamma apparatus f o r  measuring t h e  s o i l  water 
content ,  ( 3 )  a s t r a i n  gauge tens iomet ry  system and (4)  an evapora t ion  measur- 
.. 
i n g  system. The s o i l  column i s  he ld  i n  an aluminum box approx imate ly  15 x 15 
cm i n  c ross  s e c t i o n  and 107 cm high. P o r t s  a r e  p rov ided  i n  t h e  w a l l s  o f  t h e  
box t o  a l l o w  t h e  i n s e r t i o n  o f  tens iometer  cups and t he rm is to r  probes f o r  
measuring temperature.  A d d i t i o n a l  p o r t s  a r e  p rov ided  t o  pe rm i t  g r a v i m e t r i c  
sampl ing f o r  water con ten t  i n  t h e  column a t  t h e  end o f  t h e  f l ow  experiment. 
LIGHT 
AIR 
-+ AIR FLOW TO CONDENSER 
FOR TRANSPIRATION 
MEASUREMENT 
AIR FLOW 
FROM REHEAT -+ 
FLOW FROM REHEAT + +AIR FLOW TO CONDENSER 
FOR SOIL SURFACE EVAPORATION 
MEASUREMENT 
I GAMMA SYSTEM 
TO WATER SUPPLY 
\ 
POROUS CUPS 
F i g u r e  9 .  Diagram o f  t h e  exper imenta l  arrangement f o r  source  t e r m  
measurement u s i n g  a s i n g l e  s o i l  column. 
One s i d e  w a l l  o f  t h e  box can be removed t o  pe rm i t  sampl ing f o r  r o o t  d i s t r i -  
b u t i o n  a t  t h e  end o f  an exper iment.  
A diagram o f  t h e  gamma apparatus i s  shown i n  F i g u r e  10. The source 
and d e t e c t o r  a r e  mounted on a l i f t  p l a t f o r m  t o  a l l o w  t h e  measurements t o  
be  taken a t  any des i r ed  e l e v a t i o n  on t h e  column. The l i f t  i s  on wheels 
and can be r o l l e d  away f rom t h e  column t o  p e r m i t  more convenient  access 
t o  t h e  column o r  t o  a l l o w  t h e  gamma measurements t o  be made on more than  
one column. A s tandard brass absorber i s  mounted below t h e  s o i l  column 
so t h a t  gamma t r ansm iss i on  measurements may be made on it a t  i n t e r v a l s  
t o  p e r m i t  c o r r e c t i o n s  f o r  ins t rument  d r i f t  t o  be made. 
A diagram o f  t h e  s t r a i n  gauge t ens iome t r y  system i s  shown i n  F i g u r e  I I .  
Hyd rau l i c  s w i t c h i n g  ( p l u g  t y p e  va lves )  i s  used t o  connect any one o f  a  
number o f  tens iomete r  cups t o  a  p ressure  t ransducer .  E l e c t r i c a l  s w i t c h i n g  
i s  used t o  s e l e c t  t h e  o u t p u t  o f  a  g iven t ransducer  and app l y  it t o  an  
a m p l i f i e r - r e c o r d e r  system. 
Each o f  t h e  evapo ra t i on  measur ing systems i s  a  c losed  a i r - f l o w  loop 
(F i gu re  12). A f an  d r i v e s  t h e  a i r  around t h e  loop. The a i r  which crosses 
t h e  upper p a r t  o f  t h e  s o i l  column i s  passed th rough  a condenser where t h e  
a i r  i s  c h i l l e d  and condensat ion o f  water vapor occurs.  The condenser con- 
s i s t s  o f  a  PVC p i p e  w i t h  a  copper p i p e  covered w i t h  s p l i n e s  i n s i d e  it. 
Co ld  water i s  c i r c u l a t e d  th rough  t h e  copper pipe. The a i r  f l o w  i s  a l o n g  
t h e  a x i s  o f  t h e  pipe. Water vapor condenses on t h e  c o l d  copper su r f ace  
and i s  co  l l ec ted  i n  a  bu re t t e .  The a i r from t h e  condenser i s  passed over 
a  r ehea t  c o i  l and back th rough  t h e  evapo ra t i on  chamber. Reheat i s  thermo- 
s t a t i c a l l y  c o n t r o l l e d  w i t h  a  sens ing  probe loca ted  i n  t h e  evapora t ion  
chamber. The r a t e  o f  evapora t ion  i s  assumed t o  be t h e  same as t h e  r a t e  
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DIAGRAM O F  EVAPORATION MEASUREMENT SYSTEM 
o f  c o l l e c t i o n  o f  water i n  t h e  bure t te .  For quasi-steady s t a t e  condit ions, 
t e s t s  have ind ica ted  t h a t  t h i s  assumption i s  va I id.  
Two closed-loop evaporat ion systems a r e  used, one f o r  t h e  s o i l  sur face 
evaporat ion and one f o r  t he  t ransp i ra t i on .  The s o i l  sur face i s  covered 
1 
w i t h  a shal low box which forms the  evaporat ion chamber f o r  water loss from 
t h e  s o i l .  The top  o f  t h i s  box has a hole i n  it through which a p l a n t  stem 
can be led so t h a t  t h e  leaves o f  the  p l a n t  can be enclosed i n  another evap- 
o r a t i o n  chamber. A s o f t  p l  i ab le  seal i s  used around t h e  p l a n t  stem. 
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SIGNIFICANT RESULTS 
The work conducted on t h i s  p r o j e c t  on water uptake by p l a n t  r o o t s  has 
y ie lded the  f o l l o w i n g  r e s u l t s :  
( I )  The nature o f  t he  source func t i on  i n  t he  macroscopic d i s t r i b u t e d  
source approach t o  water uptake has been e luc idated.  I n  p a r t i c u l a r ,  t he  
combined'importance and i n t e r a c t i o n  o f  t he  hydrau l ic  c o n d u c t i v i t y  f unc t i on  
and t h e  r o o t  dens i ty  d i s t r i b u t i o n  i n  determin ing the  magnitude o f  t he  source 
.. 
f unc t  ion has been demonstrated. 
(2) Data on t h e  water uptake per u n i t  r o o t  length have been obta ined 
which g i ve  f u r t h e r  i n s i g h t  i n t o  the  cond i t ions  a t  t h e  r o o t  surfaces. These 
data a r e  necessary t o  model s tud ies  o f  water uptake by the  s i n g l e  root ,  
and have a bear ing  on the  quest ion o f  t h e  a p p l i c a b i l i t y  o f  t he  l i m i t i n g  f l u x  
concept (Whisler e t  al., 1968) a t  t he  r o o t  surface. 
(3 )  A more r a p i d  and re1 i a b l e  method o f  eva lua t i on  o f  r o o t  dens i ty  
i n  s o i l  has been evolved. 
(4 )  A basic  method and pa t te rn  o f  approach t o  t h e  study o f  t he  i n t e r -  
a c t i o n  o f  t h e  p l a n t  w i t h  i t s  environment, both s o i l  and a e r i a l ,  has been 
? 
i n i t i a t e d .  
POTENTIAL APPLICATION TO WATER RESOURCES PROBLEMS 
The importance of  evapot ransp i ra t ion  i n  t he  hydro log ic  c y c l e  i s  we l l  
known and has a l ready been stressed. Energy ba lance approaches t o  the  
study o f  evapotranspi rat ion,  as p resen t l y  cons t i tu ted ,  s u f f e r  from t h e i r  
i n a b i l i t y  t o  deal w i t h  ( I )  advect ion o f  sens ib le  heat and ( 2 )  s o i l  o r  p l a n t  
l i m i t a t i o n  o f  evapotranspi rat ion.  The present experimental work, developed 
from the  i n i t i a l  numerical analys is ,  has demonstrated how s o i l  cond i t ions  
e f f e c t i v e l y  con t ro l  the  pa t te rn  and i n t e n s i t y  o f  a c t i v i t y  o f  t he  e x t r a c t i o n  
of  water by p l a n t  roots.  Root dens i ty  and r a d i a t i o n  luad might be considered 
as major determinants o f  t h e  p o t e n t i a l  s i n k  s t reng th  f o r  water. However, 
t he  expression o f  t h i s  p o t e n t i a l  i s  dependent on the  i n t e r p l a y  between t h e  
a b i l i t y  o f  the  s o i l  t o  supply water and t h e  a b i l i t y  o f  t h e  p l a n t  t o  conduct 
i t  t o  s i t e s  o f  evaporat ion i n  t he  leaves. 
Extension o f  t h e  methods o f  ana lys i s  embodied i n  t h i s  r e p o r t  a r e  now 
be ing  undertaken. The basic  in fo rmat ion  requ i red  i n  t h e  a e r i a l  environment 
a r e  some knowledge o f  t he  p l a n t  water p o t e n t i a l  and p l a n t  water content  
- "  d i s t r i b u t i o n  and t h e  energy d i s p o s i t i o n  as a  func t i on  o f  he igh t  i n  t h e  p l a n t  
canopy. With the  i n s i g h t  gained from s tud ies  o f  t he  k i n d  described here in 
p lus  treatment o f  the  water t ranspor t  i n  t h e  p lant ,  an at tempt can be made 
t o  couple the  two half-systems together and g ive  a  complete account of  water 
f l ow  i n  the  soi l -plant-atmosphere system. 
Such a t reatment  o f  the  soil-plant-a,Smosphere system i s  a major goal 
s ince  u t i l i z a t i o n  o f  the  t o t a l  environmental resources hinges heav i l y  on 
a thorough understanding o f  evapotranspi rat ion.  U t i l i z a t i o n  o f  s o i l  re -  
sources, e i t h e r  f o r  a g r i c u l t u r e  o r  f o r  r e c y c l i n g  o f  components and products 
o f  t he  ecosystem, can on l y  be made more e f f e c t i v e  w i t h  b e t t e r  understanding 
o f  the  water ba lances and f  l  uxes. 
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